Direct observation of oxygen superstructures in manganites 
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We report the observation of superstructures associated with the oxygen 2p-states in two pro- 
totypical manganites using x-ray diffraction at the oxygen K-edge. We determine the nature of 
the orderings and discuss our picture with respect to novel theoretical models. In the stripe order 
system Bio.3iCao.69Mn03, hole-doped O states are found to be orbitally ordered, at the same prop- 
agation vector as the Mn orbital ordering, but no evidence is found to support a picture of oxygen 
charge stripes at this periodicity. In LaiSr i MnC>3, we observe a 2p charge ordering described by 
alternating hole-poor and hole-rich MnO planes that is consistent with recent predictions. 



Fascinating macroscopic properties may emerge from 
the electronic and magnetic orderings that occur in 3d 
metal oxides doped with charge carriers. In doped 
cuprates, charge and spin stripes could be relevant to 
high-Tc superconductivity pQ, and the colossal magne- 
toresistance of doped manganites is fundamentally re- 
lated to the stability, in a magnetic field, of an ordering of 
polarons together with an ordering of charge, orbital and 
magnetic moments on the Mn atoms [2]. The relation- 
ship between the orderings and the transport properties 
has been adressed both theoretically and experimentally 
concentrating on the 3d metal atoms, often neglecting the 
ligands' degrees of freedom. However, because the active 
states are not ionic 3d metal orbitals, but, rather hy- 
bridized metal 3d - oxygen 2p states, an ordering of the 
oxygens may be related to the ordering of the metals. 
In cuprates, the role of the oxygen atom is now always 
considered and, taking a recent example, the ordering of 
hole-doped oxygens was directly observed and discussed 
in the context of the stripes [5] . 

In manganites, an electronic ordering on oxygens has 
not been detected yet although recent experiments sug- 
gested a crucial role of the O atoms in the polaronic, 
electronic, and magnetic orderings of the Mn atoms. A 
relation between conductivity and the O electronic con- 
figuration was identified 0]; spectroscopic studies indi- 
cated a small charge disproportionation on Mn atoms in- 
stead of an ionic charge ordering (Mn 4+ /Mn 3+ ) [5], and 
a crystallographic study proposed that the oxygen atom 
bridges an electron between two Mn atoms of nearly the 
same valence, coupling them magnetically [5J. At the 
heart of these results is the explicit role of the 2p — 3d 
hybridization in determining the magnetic exchange cou- 
plings and conductivity, the traditional picture being the 
one where the atomic 3d orbitals define exchange mag- 
netic pathways between Mn atoms, the oxygen 2p states 
being filled. 



Meanwhile, new theoretical models beyond the Mn- 
centered description also suggested that oxygen super- 
structures play an important role in determining the 
ground states. Ferrari et al. [7] explained the insulating 
behavior of the charge/orbitally orded half-doped system 
by an ordering of O holes - "oxygen stripes" of varying 
valences (incidentally, having the same periodicity as the 
Mn orbital ordering). Efremov et al. [5] proposed that 
the charge ordering could correspond to a charge density 
wave (CDW) that is either Mn-centered or O-centered; 
they then show that an intermediate CDW (an interme- 
diate O-Mn charge transfer) would potentially give both 
ferromagnetism and ferroelectricity. Finally, Volja et al. 
[9J insisted on the relevance of the Mn charge ordering 
concept, if the hybridization with the hole-doped oxygen 
atoms is properly considered. 

Experiments that directly probe the oxygen contribu- 
tion to the ordered states provide essential feedback to 
these theoretical models. In this Letter, we show that 
O -R'-edge resonant diffraction spectra reveal oxygen su- 
perstructures in two manganites. We first report the di- 
rect observation of the orbital ordering of hole-doped, 
hybridized, O 2p-states in a Mn-centered, Mn-orbitally 
ordered manganite, Bii^Ca^MnOa (x = 0.69). Sec- 
ond, we report the charge ordering on the oxygen in 
LaiSriMnOq; our observations confirm the stacking of 
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alternate hole-rich and hole-poor planes. In both cases, 
the O states are directly related to the Mn states, empha- 
sizing the hybridized nature of the active states involved 
in the electronic orderings. 

Bi .3iCa .69MnO 3 (BCMO) is representative of the 
Mn-centered orbitally ordered CDW phase, which is usu- 
ally described as Mn stripe order. This phase is robust 
in manganites, from half-doping to x = 0.8 [2\. The 
CDW exhibits polaronic sites (Mn 3+ ) placed as far as 
possible from each other, with an antiferro order of the 
valence orbital, while Mn 4+ sites are isotropic [TU] (Fig. 
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FIG. 1: Simplified orderings in BCMO and LSMO. Closed 
circles represents polaronic Mn 3+ atoms, open circle are Mn 4+ 
and small circles are the O sites; the orbital ordering in BCMO 
is also shown. The structure in the a-b plane of BCMO re- 
peats in adjacent planes, while LSMO planes alternate be- 
tween being hole-rich (z=0 and 1) and hole-poor (z=l/2 and 
3/2) [11]; for clarity the oxygens are represented in the first 
plane only. The scattering geometry is indicated, xp is the az- 
imuthal angle, a and ■k are the two polarization components. 

[lj. As the doping increases, the polaron density dimin- 
ishes, and a larger orbital ordering periodicity is obtained 
(A « 17 A for BCMO), which is large enough to diffract 
soft x-rays near the O if-edge (A = 23.4 A at 530 eV). 
BCMO orders below T OQ = 250 K. The second system, 
LaiSriMnOa (LSMO), exhibits several phase transitions 
upon cooling. At Tooi ~ 280 K, a polaronic insulating 
orbital ordering takes place. Then, the system becomes 
a metallic ferromagnet at Tq ~ 180 K and finally stabi- 
lizes below T002 ~ 150 K as an insulating ferromagnet. 
It was recently demonstrated that the OOl to 002 tran- 
sition corresponds to a rearrangement of the polarons in 
a larger unit cell [IT] . Here, we directly probed the elec- 
tronic ordering that underlies the polaron rearrangement 
allowing the test of two recent models for the electronic 
structures (described below). 

The BCMO compound was prepared by the flux tech- 
nique and LSMO by the floating zone technique; both 
samples were characterized by hard x-ray diffraction. 
The crystals were cut and polished with the normal to 
the surface along [010] for BCMO, and along [001] for 
LSMO. We refer to the Pbnm orthorhombic notations 
for the unit cell. 

The RXD data were collected at the SIM beamline 
of the Swiss Light Source using the RESOXS chamber 
[12] . The experiments were performed as in conventional 
diffraction but with the incident energy varied through 
the O if -edge whilst moving the diffractometer angles 
to maintain the diffraction condition. The O if-edge 
corresponds to the photoelectric transition of a Is elec- 
tron to unoccupied orbitals ip n . This transition is ac- 
counted for in the scattering factor by the overlap integral 
e- J ■0^(i')rV'?s( r ) c ' r ' £ being the photon polarization. The 
resonant and the Thomson scattering factors are then 



weighted by the crystallographic phase-factor at the se- 
lected Bragg reflection, F(Q,lu) — £\ fj(Q,uj)e lC * l ' rj , u 
being the energy of the photon and the energy between 
tp n and ip® s [T3]. The resonant reflection provides evi- 
dence of the periodicity of near-e/ states, and sweeping 
the incident photon energy through the O K-edge, there- 
fore effectively probes the spectrum of unoccupied states 
tp n from and above the Fermi level (e/) at this period- 
icity. The unoccupied orbitals probed must not have an 
even symmetry relatively to the oxygen Is orbital ifjis 
(which is even), as easily seen from the overlap integral. 
Near Ef, those may be O 2p's, or orbitals from nearby 
atoms with some projection on the oxygens (e.g. 3d), or 
orbitals made of a hybridization of the two. We also mea- 
sured azimuthal scans (record of the reflection intensity 
while rotating the crystal in a plane normal to Q) which 
allow one to rotate the polarization of the photon rela- 
tively to the crystal thereby probing different directions 
of the unoccupied states (V'2p x ,■■■)■ We could select the 
two incident polarizations, namely a or 7r, perpendicular 
to and within the scattering plane, respectively (Fig. [TJ, 
the detector integrating photons of both polarizations. 

Fig. [2Jl shows the O if -edge RXD spectrum at the 
(0 0.31 0) superstructure reflection we found in BCMO, 
for 7r and a incident polarizations. No scattering is ob- 
served outside a narrow energy range (1.1 eV) at the edge 
of the absorption spectrum (given by the fluorescence 
yield). We observed equal spectra for the two incident 
polarizations. As has been discussed elsewhere [TU] this 
implies that the scattering process is one in which the 
polarization of the photon is rotated, of the type er — ► 7r 
or 7r — > (7, that is, with zero a — > a and ir — > n scattering. 
The incommensurability of this reflection is observed to 
vary with temperature, stabilizing at about 0.31 r.l.u., 
below Too (Fig. ^p). A final observation, from Fig. [2J:, 
is the extinction of the reflection when the polarization of 
the incident photon is perpendicular to the ordered (a, b) 
plane. 

The first observation indicates a resonant superstruc- 
ture reflection from an ordering of the very first unoc- 
cupied states from £/ projected on the O atoms (ipi s ), 
with the propagation Q — 0.31 r.l.u, corresponding to 
the periodicity of the Mn orbital ordering jTD] . Following 
earlier analysis of the absorption data [14] . the compar- 
ison with the fluorescence yield allows us to identify the 
ordered states as the 2p states hybridized with the 3d. 
The narrow spectral width observed reflects the width 
of this hybridized band. The second observation demon- 
strates that there is no charge ordering on O atoms at this 
wave vector. Indeed, a CDW of this periodicity would 
scatter in the a — ► a channels, which is absent on this 
reflection to within the uncertainty of our measurements. 
Furthermore, a charge order scatters at all azimuthal an- 
gles [121 HE], at odds with the observation of zeros of 
the signal. These three observations prove that the O 2p 
states are hole-doped and show orbital ordering, and not 
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FIG. 2: a) The (0 0.31 0) superstructure reflection, corrected 
from fluorescence but not for self-absorption; nevertheless, 
the intensity is zero off the O K-edge. b) Temperature de- 
pendence of the peak position at the phase transition, c) 
Azimuthal dependence displaying a two-fold symmetry with 
a maximum with the incident polarization along a, and zero 
along c, taken at 528.75 eV, T=200K. 
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charge ordering at this propagation vector. Therefore, 
the data exclude a direct extension to this high doping 
of the model of oxygen stripes at the periodicity of the 
Mn orbital ordering [TJ. 

The observation of 2p orbital ordering makes intuitive 
sense in light of the 2p — 3d hybridization and the earlier 
observation of this same orbital ordering, but projected 
on the Mn atoms (ip2p), at the Mn 2p <-> 3d L-edge 
[TU] , Specifically, these states are centered on the po- 
laronic Mn atoms, with a configuration depicted in Ref. 
E] clearly exhibiting the unoccupied 2p ordering on 
the four oxygens surrounding the polaronic Mn. In agree- 
ment with this model, our results clearly demonstrate the 
charge transfer nature of the compound and the coupling 
between the O and Mn orbital ordering. 

We now turn to La|SriMn03. Fig. |3^l shows the 
RXD spectra of the (00 \) superstructure reflection at 
the O K-edge for two incident polarizations. Previous 
studies have already reported the unusual stacking that 
doubles the unit cell along c below T002 PS] ; the present 
data also reveals a specific 2p-state reordering (Fig. [3^l 
and b). The fluorescence yields are observed to be differ- 
ent for the two polarizations at the edge, the differences 



FIG. 3: a) RXD spectra of the (00~) reflection at the O 
if-edge of La7 Sri Mn03, with two incident polarizations, 
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T = 30 K. t[> « 90 b) Temperature dependence of the re- 
flection, c) Azimuthal dependence at 529.2 eV, a — > a + n 
channels, compared to a cos 2 -l-const. function (solid line), 
deg. corresponds to the a incident polarization along b, 90 
deg. along a. 

providing evidence of an anisotropy of the unoccupied (re- 
states near e f . The main characteristic of the 2p ordering 
is identified by considering the azimuthal dependence of 
the reflection. The azimuthal scan never goes to zero; it 
has a near perfect cos 2 + const dependence (Fig. [3J;). A 
tcnsorial analysis of the resonant scattering permits to 
easily identify the origin of the two terms [16 : The con- 
stant term is due to a net difference in the total charge 
carried by the oxygens on different planes, whereas the 
sinusoidal dependence is due to the relative direction of 
the polarization of the photon with the anisotropic O 
electronic structure. 

The diffraction vector (0 |) corresponds to the net 
difference in scattering, hence to a net difference in holes, 
from planes separated by Az = 1; a charge ordering at 
the (0 |) vector provides a strong constraint to the 
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FIG. 4: Resonant diffraction spectrum of the (00 5) reflection 
at the O K-edge and Mn L-edges of LajSri Mn03, a — > 
a + n channels, T = 30 K. Three distinctive regions should 
be considered. The amplitude at the O K-edge and Mn L- 
edges is a probe of the states near £/, projected on O and 
Mn atoms respectively. The amplitude between 535 and 560 
eV is mostly unsensitive to the active states, but reflects the 
positions of neighboring atoms due to band structure effects. 
Inset is the profile of the reflection at 576 eV. 

theoretical models. The models by Korotin et al. [TS] 
and by Geek et al. [TT] both propose that hole-rich and 
hole-poor Mn planes alternates along c, but with differ- 
ent stacking orders. In Geek's model every other planes 
are identical when projected on the c axis: they should 
not give the charge order scattering we observe. In Ko- 
rotin's model however, three successive hole-rich planes 
alternate with one hole-poor plane. Such order should 
give rise to a strong charge order signal on the O atoms 
because of the hybridization, as we observe. We note 
that only Geek's model explains reflections with a pla- 
nar component observed elsewhere [TT], but the ordering 
along c is not consistent with our data. 

Finally, we also report on the scattering observed at 
this wave-vector for energies well above the O -fT-edge 
(Fig. EJ. This scattering probes the up continuum that 
is sensitive to the local atomic configuration due to band 
structure effects. These features signal presence of the 
lattice distortions accomodating the charge ordering. In- 
creasing again the photon energy, it was natural to look 
also for the signal at the Mn L-edge which is again a di- 
rect probe of the states nearby Sf, but projected on the 
Mn atoms (Fig. BJ. Correspondingly, the data are direct 
observation of differing Mn 3d configurations; this will be 
discussed in detail elsewhere. 

In conclusion, resonant x-ray diffraction at the O K- 
edge has been used to detect the electronic superstruc- 
tures of the 2p states near Sf in two manganites. In 
Bio.3iCao.69Mn03, we show evidence of an orbital or- 



dering of hole-doped hybridized 2p — 3d, and contradict 
O stripes with the same propagation vector as the Mn 
orbital ordering. In LaiSriMnOs, the data provided 
evidence of a charge ordering on the O atoms with the 
(0 |) propagation vector, corresponding to a specific 
plane stacking with differing hole concentrations. The 
orderings on O atoms are not experimentally dissociated 
from the orderings on the Mn atoms, in both compound, 
emphasizing the hybridized nature of the orbitals near 

Quantification of the hole densities, and of the 2p — 3d 
hybridization, are now foreseeable. It requires ab ini- 
tio calculations of both the ground states and the ex- 
cited states, using dedicated formalisms, as the excited 
state corresponds to an electronic structure with a strong 
Coulomb potential in a core shell and an extra electron in 
the valence shell. Finally, as the RXD technique can also 
be chemically-sensitive to the magnetic moment, our re- 
sults clearly suggest potential measurements of magnetic 
superstructures on the oxygen atoms. The RXD data 
open a new window on the 2p — 3c? states, the magnetic 
exchange couplings between 3d metals and on the elec- 
tronic superstructures at play in this strongly correlated 
system. 
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